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Abstract Induction of plant-derived chitinases in the
leaves of a carnivorous plant was demonstrated using
aseptically grown round-leaf sundew (Drosera rotundi-
folia L.). The presence of insect prey was mimicked by
placing the chemical inducers gelatine, salicylic acid and
crustacean chitin on leaves. In addition, mechanical
stirring of tentacles was performed. Chitinase activity
was markedly increased in leaf exudates upon applica-
tion of notably chitin. Application of gelatine increased
the proteolytic activity of leaf exudates, indicating that
the reaction of sundew leaves depends on the molecular
nature of the inducer applied. In situ hybridization of
sundew leaves with a Drosera chitinase probe showed
chitinase gene expression in diﬀerent cell types of non-
treated leaves, but not in the secretory cells of the
glandular heads. Upon induction, chitinase mRNA was
also present in the secretory cells of the sundew leaf. The
combined results indicate that chitinase is likely to be
involved in the decomposition of insect prey by carniv-
orous plants. This adds a novel role to the already broad
function of chitinases in the plant kingdom and may
contribute to our understanding of the molecular
mechanisms behind the ecological success of carnivorous
plants in nutritionally poor environments.
Keywords Carnivory Æ Chitinolytic activity Æ In situ
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Introduction
Carnivorous plants attract, capture, kill and digest
mostly insects. For centuries, such plants have fasci-
nated botanists, among which Charles Darwin (Darwin
1875) and his son (Darwin 1878). These plants also have
become a valuable model system for evolutionary ecol-
ogy (Ellison and Gotelli 2001). Carnivory of plants is
thought to represent a special case of functional adap-
tation to the environment, allowing growth in nutrient-
poor soils. The genus Droseraceae (sundews) consists of
about 125 diﬀerent species (Culham and Gornall 1994;
Adamec 1997) that grow mostly on acidic soils or sub-
strates that are often deﬁcient in nitrogen and phos-
phorus (Chandler and Anderson 1976; Stewart and
Nielsen 1992).
Once captured, insects are digested on leaves covered
by stalked glands called tentacles. The glandular head of
such a tentacle is usually reddish and covered with
droplets of mucilage. Anatomically, the glandular head
consists of external and internal layers of secretory cells,
and tracheids in the centre. The tracheids are separated
from glandular cells by a row of barrier cells consisting of
cutinized anticlinal walls. In the basal part of the tentacle
there are some outer (epidermal) and inner (parenchyma)
stalk cells and a big vessel connecting the glandular
head with the stalk and the leaf. All leaf cells are
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photosynthetically active in addition to carnivory (Juni-
per et al. 1989; Muravnik and Ivanova 1999).
The mucilage from the glandular head contains sev-
eral hydrolytic enzymes. The secretory cell walls of
tentacles contained acid phosphatase and protease
(Heslop-Harrison 1975; Clancy and Coﬀey 1977), as
well as esterase and peroxidase activities (Heslop-Har-
rison 1975). Such enzymes enable the plant to decom-
pose the insect body and to assimilate nitrogen,
phosphorus and sulphur. Several studies have demon-
strated that 50–76% of all nitrogen in Drosera is sup-
plied by the insect (Dixon et al. 1980; Millett et al.
2003). The molecular mechanisms occurring during the
digestion of insect prey are not known in detail. Notably
the decomposition of the hard insect skeleton, that
consists mainly of chitin (a b-1,4-linked homopolymer of
N-acetyl-D-glucosamine), is as yet an unresolved ques-
tion. Based on its composition, chitin makes a good
potential source of nitrogen for the plant and part of the
prey-derived nitrogen could be generated by the action
of chitinases. Chitinases are members of the pathogen-
esis-related proteins of plants and play a role in several
vital plant processes (Kasprzewska 2003), such as plant
defence against pathogens (Broglie and Broglie 1993;
Melchers and Stuiver 2000). Chitinase activity was
found in the mucilage from several carnivorous plants,
for example, in Nepenthes mixta, N. maxima and Dro-
sera peltata (Amagase et al. 1972), species of the genus
Utricularia (Sirova et al. 2003), as well as in Drosera
binata and D. whittakkeri (Chandler and Anderson
1976). Robins and Juniper (1980) demonstrated chitin-
ase activity in the mucilage of Dionea muscipula. How-
ever, in none of these cases microbial contamination
could be ruled out (Robins and Juniper 1980; Sirova
et al. 2003), so the action of plant-derived chitinases in
the (possibly partial) decomposition of insect chitin is
uncertain. This issue is part of a long-standing and
ongoing debate on the role of insectivory and its rele-
vance for plant nutrition, whether it is facultative or
obligatory (Darwin 1878; Thum 1989; Stewart and
Nielsen 1992).
By a combination of biochemical and cytological
approaches we here show that sterile, in vitro-grown
sundew has increased chitinase activity due to the
induction of chitinase gene activity upon stimulation
that mimics the presence of insect prey. This indicates
that plant-derived chitinases may indeed play a role in
the (partial) decomposition of the insect skeleton.
Materials and methods
Plant material
Plants of Drosera rotundifolia L. were cultivated in vitro
as described previously (Boba´k et al. 1995). Leaf pieces
of ca. 3 mm in diameter and an approximate weight of
0.015 g were cut with a scalpel and used in all analyses.
Detection of chitinase activity in sundew leaf exudates
The presence of insect prey on sundew leaves was
mimicked with three diﬀerent chemical inducers. Plugs
(ca. 2·2 mm) of 8% (w/v) gelatine (Serva 22151), small
pieces (30–35 mg) of crustacean chitin (Serva 16625) or
20 ll of 1 mM salicylic acid (Duchefa S 1367), all
properly sterilized, were placed on leaves on plants for
24 h. Any visible remainders of the chemical inducers
were removed prior to analysis. The time-course study of
induction with gelatine or chitin over a period of 5–72 h
was performed under similar conditions. A fourth way
of induction was mechanical stimulation in which the
tentacles of leaves were stirred once with a scalpel
(avoiding mechanical damage of the tissue) 24 h before
analysis. Leaves without any treatment were used as a
control. Leaf pieces were cut and submerged into 30 ll
of 0.1 M sodium acetate buﬀer (pH 5.0) for 5 min to
collect the exudates. The exudates of 10 induced leaves
were pooled (300 ll). Aliquots (20 ll) were separated on
12.5% (w/v) SDS-containing polyacrylamide slab gels
(Laemmli 1970) with glycol chitin (0.01%) incorporated
as enzyme substrate. Glycol chitin was obtained by
acetylation of glycol chitosan (Sigma G-7753) as de-
scribed by Trudel and Asselin (1989). No heat treatment
of the samples was performed prior to loading. The gels
were run at 8C at a constant voltage of 120 V for 2 h.
After electrophoresis, proteins were re-naturated by
shaking the gel in 50 mM sodium acetate buﬀer
(pH 5.0), 1% Triton X-100 overnight and subsequently
in sodium acetate buﬀer for 1 h. Chitinase activity was
detected by staining with 0.01% Fluorescent Brightener
28 (Pan et al. 1991) and UV-illumination. For quantiﬁ-
cation, the gels were digitally photographed (UVP Bio
Doc-It System). From the photographs, background-
corrected integrated density (ID) was calculated in areas
of constant size using Scion Image software (http://
www.scioncorp.com) according to formula: ID =
N*(mean – background) where N is the number of pixels
in the selected area, and background is the modal grey
value (pixels). Total amount of protein was visualized by
staining the gel with Coomassie Brilliant Blue R 250
(Sambrook et al. 1989).
Detection of protease activity in sundew leaf exudates
Proteolytic activity in leaf exudates was determined
basically as described previously (Bohak 1970). Brieﬂy,
samples (150 ll) were incubated with 150 ll of 2% (w/
v) bovine serum albumin (BSA) in 200 mM glycine-HCl
(pH 3.0) at 37C for 1 h. The reaction was stopped by
the addition of 450 ll of 5% (w/v) trichloroacetic acid.
Samples were incubated on ice for 10 min, and centri-
fuged at 20,000 g for 10 min. Absorbance of the
supernatant at 280 nm was measured. One unit of
proteolytic activity is deﬁned as an increase of 0.001 per
min in the absorbance at 280 nm. Total protein content
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of leaf exudates was determined as described previously
(Bradford 1976).
Detection of chitinase activity in sundew leaves
Sundew leaves were induced with gelatine (for 5 and
24 h) or chitin (for 2 and 48 h) as described above. Non-
induced leaves were used as a control. After induction,
leaves were detached from the plant, placed on medium
consisting of 0.1 M sodium acetate buﬀer (pH 5.0),
0.01% colloidal chitin prepared from chitosan (Aldrich
41,796-3) as described by Molano et al. (1977) and 0.8%
agarose and they were slightly squeezed. After incuba-
tion for 20 min at 37C, the leaves were removed and the
plates were stained with 0.5 mg.l1 Congo Red (Sigma
C6767) to visualize zones of clearing. Cleared zones in a
red background indicate chitinase enzymatic activity
(Inbar and Chet 1991). Congo Red-stained plates were
digitally photographed with Canon EOS 300 and when
considered necessary, the contrast was enhanced with
Adobe Photoshop.
In situ hybridization of sundew tentacles
For in situ hybridization experiments, treated and con-
trol leaves were ﬁxed for 4 h (ﬁrst half hour under vac-
uum (60 kPa) in 4% (w/v) paraformaldehyde and
0.25% (v/v) glutaraldehyde in 0.1 M phosphate buﬀer
(pH 7.0), dehydrated in ethanol series, ethanol-xylene
and embedded in Paraplast Plus (Sigma). Plant tissues
were handled as fast and gently as possible. All steps
were performed on ice, except for ﬁnal dehydration in
alcohol-xylene and embedding.
The 325 bp PCR fragment DrChit1 (GenBank
accession No. AY622818), encoding for the conservative
catalytic region of a putative class I chitinase from
sundew (Be´ke´siova´ 2000) was used as a probe for in situ
hybridization. The fragment was cloned in the vector
pGEM-T Easy (Promega). Digoxigenin-labelled sense
(SstI-T7) and antisense (SstII-SP6) RNA probes were
prepared by in vitro transcription using the DIG RNA
(SP6/T7) Labelling Kit (Roche). The eﬃciency of the
probe labelling was evaluated immunologically using a
spot test with DIG-labelled control RNA (Roche).
Concentration of the probes was measured using the
Ultrospec 1000 spectrophotometer (Pharmacia Biotech).
In situ hybridization studies to 8-lm-thick sections,
mounted onto poly-L-lysine coated slides, were per-
formed as described by Cox and Goldberg (1988) with
minor modiﬁcations. Brieﬂy, sections were pre-treated
with 1 lg.ml1 proteinase K (Sigma) in proteinase buﬀer
(50 mM EDTA, 100 mM TRIS-HCl, pH 7.5) for
30 min at 37C. Blocking was performed with 0.25% (v/
v) acetic anhydride in 0.1 M TEA buﬀer (pH 8.0) for
10 min, then washing in 2·SSC for 5 min. After rinsing
in distilled water the samples were dehydrated in ethanol
series and vacuum dried. Dry slides were stored under
vacuum until hybridization.
Hybridization mix A was composed of 50% form-
amide, 5% dextran sulphate, 1x Denhardt’s solution,
500 mM NaCl in hybridization buﬀer (100 mM TRIS-
HCl, 10 mM EDTA, pH 7.5), and mix B of milli
Q-water, 10 mg l1 tRNA, 20 mg l1 poly(A) and
labelled probes. Hybridization mix B was heated at 80C
for 5 min, fast cooled and mixed with mix A. We have
applied 95 ll of hybridization mix per slide with a ﬁnal
probe concentration of 5 ng ml1. Hybridization was
carried out at 50C in humid chamber overnight. After
hybridization the samples were washed in 2·SSC
(10 min at RT), 1·SSC (10 min at 37C), and 0.5·SSC
(10 min at 37C). To remove the non-speciﬁcally bound
probes washing with RNase A (ﬁnal conc. 10 lg ml1)
in RNase buﬀer (500 mM NaCl, 10 mM EDTA, 10 mM
TRIS-HCl, pH 7.5) for 60 min at 37C was performed.
Sections were further washed in RNase buﬀer (4·15 min
at 37C), blocked in 2% BSA at RT for 30 min. RNA
hybrids were detected by incubation of slides (2 h at RT)
with anti-digoxigenin (1:500) coupled with alkaline
phosphatase (Roche), in detection buﬀer (pH 7.5) and
washed in the same buﬀer 4·10 min at RT. Alkaline
phosphatase activity was revealed with NBT/BCIP
(Roche) overnight.
Sections, after dehydratation and mounting in
DePeX (Serva), were investigated with a transmitted-
light bright ﬁeld Axioplan 2 microscope (Carl Zeiss,
Go¨ttingen) and photographed (KR/10M Ricoh, Japan
and Sony DXC-S500 Digital Camera System).
Results
Chitinase activity in sundew leaf exudates
To induce the molecular processes resulting in diges-
tion of prey, leaves of sundew plants were induced
with gelatine, chitin, salicylic acid, or by mechanical
stimulation of the tentacles. After induction and sub-
mersion of the treated leaves in buﬀer, the material
exudated by the leaves was analysed for total amount
of protein as well as for proteolytic and chitinolytic
activity. The biochemical analyses of sundew leaf ex-
udates after 24 h of induction are shown in Fig. 1.
Compared to the non-induced control (NI), there is
only a slight increase in total protein content, except
for the gelatine (G) induction, which obviously adds
protein to the leaves (Fig. 1a). Mechanical stimulation
and notably gelatine induction resulted in higher
proteolytic activity (Fig. 1b), indicating an eﬀective
induction of digestive processes in sundew leaves. In
all cases, chitinase activity could be detected in a
polyacrylamide gel (Fig. 1c). Chitinolytic activity in-
creased most upon inducing the leaves with chitin
(CH) (Fig. 1c) and was ca. 3- to 4-fold higher than in
control leaves. Stimulation with salicylic acid (SA) was
neutral for all three biochemical parameters investi-
gated. The induction of protein content and enzymatic
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activities were analysed in more detail using a time
course of induction of digestion with either gelatine or
chitin.
Figure 2 shows the biochemical analyses of leaf ex-
udates from plants, in which digestion was induced with
gelatine or chitin for 5, 24, 48 and 72 h, respectively.
Compared to non-induced control, total protein content
in exudates from gelatine-induced plants increased till
48 h before it declined. In contrast, chitin induction
evoked a much lower accumulation of protein (Fig. 2a).
Proteolytic activity increased rapidly between 5 h and
24 h of gelatine induction, and declined, although the
proteolytic activity at 48 h and 72 h is still markedly
higher than in non-induced leaves. No such proteolytic
activity was apparent upon induction by chitin (Fig. 2b).
The chitinolytic activity of exudates increased with
induction time. After 48 h of induction, the chitinolytic
activity reached its peak compared to control leaves
(Fig. 2c).
As an alternative method to demonstrate chitino-
lytic activity in sundew tentacles (Fig. 3a) upon stim-
ulation, a plate-clearing assay was used (Figs. 3b–f).
Almost no clearing was observed in the non-induced
leaves (Fig. 3b). Gelatine-induced (Figs. 3c, d) and
chitin-induced (Figs. 3e, f) sundew leaves covered with
glandular hairs were gently squeezed on 0.8% agarose
plates containing colloidal chitin and incubated for
20 min. After removal of the leaf material, plates were
stained with Congo Red. Cleared zones indicated the
presence of chitinase activity after 5 h (Fig. 3c) and
24 h (Fig. 3d) of induction with gelatine, and after 2 h
(Fig. 3e) and 48 h (Fig. 3f) of induction with chitin.
The clear halos around the glandular head of the
tentacles indicate the presence of increased chitinase
activity in induced leaves. The plate clearing is more
prominent after 24 h of induction with gelatine
(Fig. 3d) and after 48 h (Fig. 3f) of induction with
chitin.
In situ hybridization shows the presence of chitinase
mRNA in sundew leaves
To conﬁrm the presence and investigate the localiza-
tion of chitinase mRNA after induction with gelatine,
in situ hybridization was used (Figs. 3g–p). The sun-
dew chitinase fragment DrChit1 was used as a
hybridization probe. In comparison with sense probe-
treated sections (Figs. 3g, k), chitinase transcripts (blue
colour) were detected in mesophyll cells and in cells
surrounding the vascular bundles of control leaves
(Figs. 3h, l). In tentacles, such induction-independent
chitinase transcripts were conﬁned to the inner
(parenchyma) stalk cells and to the tracheids in the
centre of the gland head (Fig. 3l). The secretory cells
of the glandular head have no hybridization signal.
Induction of sundew leaves with gelatine for 24 h
(Figs. 3i, j, m) resulted in a strong hybridization signal
in the secretory cells of the tentacle head (Figs. 3i, m).
Increased amounts of chitinase RNA were also ob-
served in the mesophyll cells (Fig. 3j). Additional cross
sections demonstrated the presence of chitinase tran-
scripts in both external (Fig. 3n) and internal (Fig. 3o)
secretory cells. Such a signal was absent from the
corresponding gland cells of non-induced leaves
(Fig. 3l) or when a sense probe was used (Fig. 3k).
The epidermal cells and sessile glands on the leaf
surface (Fig. 3p) as well as the sessile glands on the
Fig. 1 Biochemical analysis of sundew leaf exudates upon induc-
tion of digestion. Leaves were stimulated with mechanical stirring
(S) of tentacles 24 h before analysis. Crustacean chitin (CH),
salicylic acid (SA) or gelatine (G) were applied on the leaves of
plants for 24 h. Visible remains of the inducer were removed prior
to analysis. Non-induced plants (NI) were used as control. Data are
mean values and standard error based on three replicates. a Total
protein amount (lg ml1) in leaf exudates. b Proteolytic activity
(U ml1) in leaf exudates. c Chitinase activity in leaf exudates.
Shown is a digital photograph of electrophoretically separated leaf
exudates in an UV-illuminated, ﬂuorescence brightener 28-stained,
glycol chitin-containing polyacrylamide gel, demonstrating chitin-
ase activity in all leaf exudates
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stalks (Fig. 3h) are always devoid of a hybridization
signal. These results show that the amount of chitinase
transcripts has detectably increased in sundew leaves
upon induction of the digestive processes that mimics
the presence of prey.
Discussion
Carnivorous plants have developed diﬀerent morpho-
logical and anatomical adaptations for insectivory.
Their traps consist of a great number of speciﬁc glands
that exude a variety of hydrolytic enzymes. Till now,
mainly proteases have been described, as proteins are
believed to be the main source of nitrogen absorbed
from the prey by the plant. Insect-derived nitrogen
constitutes a major part of total nitrogen intake of car-
nivorous plants (Dixon et al. 1980; Juniper 1989;
Schulze et al. 1997; Millett et al. 2003). The chitin cuticle
of insect prey was suggested to be a source of nitrogen
(Juniper et al. 1989; Gooday 1999), but more on a
speculative than on an experimental basis. Previous
analyses kept the possibility open that the chitinases
observed were derived from microbial sources (Robins
and Juniper 1980; Sirova et al. 2003). Therefore, the
analyses were performed with a representative from the
sundew family that is successfully cultured aseptically in
vitro, round-leaf sundew. The results presented here
provide molecular support for the suggestion that
chitinase activity is indeed part of the sundew digestive
processes. In situ hybridization with a chitinase probe
performed on gelatine-induced and non-induced sundew
leaves demonstrated the absence of chitinase transcripts
in the secretory cells of the sundew leaf, despite a low
amount of chitinase transcripts in other cells, such as
mesophyll cells. Upon induction with gelatine, a chitin-
ase transcript could be easily detected in both the
external and internal secretory cells of tentacles. This
indicates the notable induction of chitinase gene
expression, presumably in the digestive glands of sundew
tentacles. More experiments will be necessary to deter-
mine whether the chitinase mRNA is actually tran-
scribed in the head cells, or is transported from other
cells.
The chitinase transcript data were supported by
biochemical data. Chitinase activity was found in gela-
tine- or chitin-induced leaves and in a 20 kDa protein
present in leaf exudates. Some enzyme activity in non-
induced plants indicated that active chitinases are con-
stitutively present in sundew mucilage already prior to
insect digestion. They may provide other functions, such
as prevention against microbial invasions from the
environment, and/or be responsible for the ﬁrst digestive
process upon contact with the source of nitrogenous
(chitinaceous) compounds (Heslop-Harrison 1975).
Upon application of diﬀerent stimuli on sundew
leaves, the activity of chitinase(s) in leaf exudates in-
creased considerably. The strongest inducer of sundew
chitinase in sundew leaves was chitin itself. Gelatine
increased chitinase activity to a lesser extent. Induction
with salicylic acid did not aﬀect chitinase activity sig-
niﬁcantly. Salicylic acid is known as a potent inducer of
many chitinases during pathogenesis (Linthorst 1991).
Mechanical stimulation had detectable eﬀects. Even
gentle placement of solid or liquid inducers on the leaf
Fig. 2 Time-course study of sundew leaf exudates upon the
induction of leaves with gelatine and chitin. Leaves were induced
for 5, 24, 48 or 72 h. Data are mean values and standard error
based on three replicates. Exudates of non-induced plants were
used as control. a Total protein (lg ml1). b Proteolytic activity
(U ml1). c Chitinase activity (ID)
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surface will cause some mechanical stimulation of ten-
tacles that could result in weak chitinase activity. The
minor eﬀect obtained for salicylic acid is likely to be due
to such an experimental background. The induction of
chitinase activity evoked by mechanical stimulation of
tentacles suggests that the enzyme is involved immedi-
ately after the perception of detection of prey. Such a
phenomenon was previously shown in Sarracenia (Gallie
and Chang 1997), Pinquicula (Heslop-Harrison and
Heslop-Harrison 1981) and Dionaea (Juniper 1989). In-
ducers of chitinolytic and/or proteolytic activity, such as
chitin oligomers or oligopeptides, may be released due to
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insect movement during its struggle to escape, and from
the insect hemolymph after its death.
The diﬀerence in increase of chitinolytic activity be-
tween protein (gelatine) and chitin induction suggests
that diﬀerent signal transduction pathways may be
operational in Drosera leaves for such compounds.
Chitin and chitin-derived oligosaccharides appear to
trigger more chitinase activity than gelatine. The low
amount of total protein and low proteolytic activities
evoked by chitin induction both suggest that sundew
contains a speciﬁc sensing mechanism for chitin and/or
chitin-derived compounds. As gelatine is mainly trig-
gering proteolytic activity, it is conceivable that any
extra chitinase also has to cope with the higher proteo-
lytic environment. Protein may be a metabolically easier
or cheaper source of nitrogen for a carnivorous plant
than chitin. The results indicate that diﬀerent stimuli
activate diﬀerent pathways of the plant digestive pro-
cess. These pathways seem to have substrate speciﬁcity
and eﬃcacy. For Dionaea and Nepenthes, it was sug-
gested that release of hydrolases and a viscous, acidic
ﬂuid production after mechanical stimulation are not
under the same control (Robins 1976; Lichtner and
Williams 1977; Juniper et al. 1989). Targeted induction
after the perception of the appropriate signals may limit
the cost of carnivory to the plant, optimizing the use of
available resources (Gallie and Chang 1997). The eﬃ-
cient use of insect-derived nutrient resources may con-
tribute to the ecological success of carnivorous plants on
poor soils.
Chitinases have previously been reported to be in-
volved in many diﬀerent processes in plants, such as
plant defence mechanisms against various pathogens or
environmental stress, organ formation, embryogenesis,
fruit ripening, leaf senescence, regulation of growth and
development, programmed cell death or nodulation (for
review, see Kasprzewska 2003). We here present data
that establish the involvement of chitinases in the
decomposition of captured insects in carnivorous sun-
dew. Chitinase activity is induced upon stimulation that
is mimicking the presence of insect prey on sundew
leaves, suggesting a role in chitin digestion. However,
the precise contribution of chitinases to the digestion of
insect prey remains to be determined. It could be a direct
contribution, providing chitin-derived nutrients to the
plant. The contribution could also be indirect, for
example, by facilitating the exposure of other (protein-
aceous) material to enzymatic degradation and nutrient
supply (Juniper et al. 1989). Detailed analyses on the
biological origin of insect molecules taken up by car-
nivorous plants will be required to resolve such issues.
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after 20 min incubation of a 48 h chitin-induced sundew leaf.
Cleared zones (Figs. b–d) indicate the presence of chitinase activity,
especially in glandular heads (arrows). g–p Localization of chitinase
mRNA in the leaves of sundew. The putative class I chitinase gene
fragment DrChit1 from sundew was used as a probe in hybridiza-
tions in situ. The hybridization pattern was compared between
leaves induced with gelatine for 48 hours and control (non-induced)
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